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It has been hypothesized that sleep in the industrialized world is in chronic deficit, due in part to evening 
light exposure, which delays sleep onset and truncates sleep depending on morning work or school 
schedules. if so, societies without electricity may sleep longer. However, recent studies of hunter-
gatherers and pastoralists living traditional lifestyles without electricity report short sleep compared 
to industrialized population norms. To further explore the impact of lifestyles and electrification 
on sleep, we measured sleep by actigraphy in indigenous Melanesians on tanna island, Vanuatu, 
who live traditional subsistence horticultural lifestyles, in villages either with or without access to 
electricity. Sleep duration was long and efficiency low in both groups, compared to averages from 
actigraphy studies of industrialized populations. in villages with electricity, light exposure after sunset 
was increased, sleep onset was delayed, and nocturnal sleep duration was reduced. These effects 
were driven primarily by breastfeeding mothers living with electric lighting. Relatively long sleep on 
Tanna may reflect advantages of an environment in which food access is reliable, climate benign, and 
predators and significant social conflict absent. Despite exposure to outdoor light throughout the day, 
an effect of artificial evening light was nonetheless detectable on sleep timing and duration.
Sleep timing and duration in humans are determined in part by a master circadian clock entrained to local time 
by retinal inputs encoding environmental light-dark (LD) cycles1. The clock is phase delayed by light in the 
evening and early night, and advanced by light in the late night and early morning2,3. With industrialization and 
on-demand access to electric lighting, exposure to evening light has increased, while exposure to natural light 
during the day has decreased4–6. The expected net effect is a delay in the phase at which the circadian clock aligns 
with local time, and thus a delay in the timing of the circadian sleep-wake cycle7. Depending on an individual’s 
social schedule (particularly work or school start times), this may result in a significant misalignment between 
biological time and social time, a state known as social jetlag8. If sleep onset is delayed, but wake onset is fixed by 
the social schedule, then nocturnal sleep will be restricted. Epidemiological studies have uncovered associations 
between short sleep (≤~6 h) and population health, while experimental studies support a causal role for sleep 
restriction in metabolic and other health disorders currently described as epidemic9–14. This leads to conjecture 
that a significant portion of the population in industrialized societies may sleep less than is physiologically opti-
mal (estimated to be 7 h for adults14) and that this may contribute to negative trends in population health15–17.
Although the logic supporting this conjecture is compelling, empirical support for the argument that indus-
trialization has caused chronic sleep restriction is weak because information about sleep duration prior to 
widespread availability of electric lighting is anecdotal and based on self-report. Self-reports (retrospective or 
diary-based) typically overestimate sleep, compared to objective measures such as actigraphy and polysomnog-
raphy18–20. Consequently, the degree to which sleep duration has declined with industrialization may be over-
estimated and is controversial. Trends over the past several decades within already industrialized societies are 
equivocal, with some studies showing increases21–23, others showing decreases24, and some showing no systematic 
change in sleep length25,26.
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Another way to estimate the impacts of industrialization on sleep is to study sleep in indigenous communities 
living traditional lifestyles without electric lighting. Recently, several studies have used wrist-worn accelerome-
ters and light sensors to examine sleep patterns in communities with little reliable access to electric lighting. The 
findings generated from these studies have been variable. Daily sleep duration was observed to be unexpectedly 
short (~5 h–6.5 h group means) in traditional hunting and gathering societies in Africa and South America (the 
Hadza in Tanzania, the San in Namibia, and the Tsimane in Bolivia)27,28, an agrarian society in Madagasgar (the 
Malagasy)29, and a pastoralist society in Namibia (the Himba)30. By contrast, sleep duration was comparatively 
long in a traditional horticultural society of Papa New Guinea (~8.4 h)31, and in an Argentinian society (the Toba/
Qom) who were traditionally hunter-gatherers (but are now mainly state supported32) and showed a marked 
seasonal variation (~7 h in summer and 8.5 h in winter)33. In cases where societies are transitioning to electricity, 
groups with access to on-demand artificial lighting showed a delay in nocturnal sleep timing compared to groups 
without access (Toba/Qom33; rural Mozambique34; rural Brazil4,35,36). In some4,33,35, but not all cases34, delayed 
sleep was associated with reduced sleep duration.
These results indicate that lifestyle may be an important determinant of habitual sleep duration and pro-
vide evidence for an effect of on-demand electric lighting on sleep timing and duration. To further examine the 
impact of lifestyle and electric lighting on sleep, we used actigraphy to measure sleep timing and duration in 
indigenous Ni-Vanuatu living traditional, small-scale subsistence lifestyles on Tanna Island, Vanuatu, in south 
pacific Melanesia. This study population provides some unique advantages, including homogeneity of ethnicity 
and lifestyle on the island, little seasonal variation in climate and daylength, and the availability of an electric 
grid in coastal but not inland villages, permitting a within-society comparison of sleep with and without access 
to on-demand electric lighting. Also, the latitude of Tanna Island, and thus the annual variation in photoperiod, 
is very close to the latitude of several hunter-gatherer societies previously shown to exhibit short sleep27,30, thus 
permitting cross-cultural comparisons with a natural control for daylength.
Methods
Study population. We recruited 91 adults living on Tanna Island (19.53°S, 169.27°E) to participate in our 
study. Forty-five of the participants lived in coastal villages with on-demand access to electricity, and 46 par-
ticipants lived in villages that were up to 10 km inland and beyond the electric grid. Some data were lost due to 
equipment failure (n = 4) or were excluded due to non-compliance (i.e. extended watch removal; n = 5), leaving 
final sample sizes of 39 coastal participants (herein designated the ‘electric’ group) and 43 inland participants 
(‘non-electric’ group). Participants in both communities live similar lifestyles and rely primarily on small-scale 
farming for a livelihood. Coastal participants (electric group) are more likely to also participate in marine forag-
ing and fishing.
Data were collected from males, females, and females who were currently breastfeeding. It was expected that 
breastfeeding would lead to higher levels of sleep disruption due to mother-infant co-arousal, therefore breast-
feeding females (with infants <10 months of age) were maintained as a separate sample. Other females were 
not breastfeeding at the time of data collection and the ages of their children (if any) were over 2 years. Because 
fathers on Tanna Island typically take a less active role than the mother in infant rearing, it was deemed acceptable 
to collect males as one homogenous group irrespective of “father” status. Age and birthdays are not commonly 
tracked, so when documentation of age was unavailable, participant ages were estimated visually or relative to the 
birth of peers. Of those included in the final analysis, demographic variables and other sample characteristics are 
provided in Table 1.
We obtained research permits from the Vanuatu Cultural Centre as well as permission from the elders and 
chiefs in the host communities. Participants were recruited by word of mouth. We explained the details of the 
study and obtained informed consent verbally from each participant, as outlined by the Office of Research Ethics 
at Simon Fraser University, Burnaby BC, Canada. Gifts equivalent to $5 CAD were given for participation. All 
procedures were performed in accordance with relevant guidelines and regulations and approved by Simon Fraser 
University.
Light at night. Sources of light at night were most often a singular incandescent lightbulb inside dwellings 
powered by electrical grid (herein referred to as electric light), and/or small solar powered LED lights (Fig. 1A; 
herein referred to as ‘solar torches’). Solar torches were placed on the floor to facilitate household duties or were 
carried by hand when walking through the village. Light intensity provided by the torches did not exceed 2 lux, 
measured at 1-meter distance using the Actiwatch-2 light sensor (Phillips Respironics, Murrysville, PA). During 
the dates of this study, all participants from communities with access to electricity reported using artificial lights. 
Although seven participants living in electric communities did not have working electricity at the time of data 
collection, they each used solar torches, and reported exposure to electric light. Most of the participants from vil-
lages without electricity either owned or shared solar torches for use at night, and daily evening use was reported 
by 84% of participants in non-electric communities. Electronic devices were almost non-existent with the excep-
tion of some basic mobile phones, which were not a common source of light at night, especially in villages off the 
electric grid as there was no ready access to charging stations.
Sleeping spaces. Sleeping arrangements were variable, but most sleeping spaces consisted of blankets or 
foam mattresses on grass woven mats on the floor of the dwelling (Fig. 1B). Floors were commonly wood plank, 
or hard packed ground. Co-sleeping is typical on Tanna Island; all participants in this study shared sleeping quar-
ters with multiple children or adults. Sleeping spaces were shared by immediate family (i.e. parents and children), 
and sometimes with extended family as well (Table 1). Sleeping arrangements are often flexible and can change 
readily. Traditional homes are made of local natural materials, (e.g., palm leaves, bamboo) carefully constructed 
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to withstand cyclones Separate dwellings are used for sleeping and cooking. A few dwellings incorporated cement 
or tin components (Fig. 1C). Little time is spent inside during the day.
Temperature and humidity in typical sleeping spaces were measured with iButtons (Maxim Integrated, San 
Jose, CA) sampling at 20-minute intervals throughout the study interval. The iButtons were placed in represent-
ative huts in one electric village and one non-electric village. Temperature in the non-electric village during this 
period averaged ~24.6 °C (86% RH) in the day and ~22.9 °C (88% RH) at night, with an average daily range of 
3.9 ± 1.8 °C. Electric villages were slightly warmer and drier, averaging ~25.9 °C (79% RH) in the day and ~23.9 °C 
(80% RH) at night, with a daily range of 3.6 ± 1.8 °C. The daily temperature minimum occurred at ~06:20 h, and 
the maximum between 13:20–14:00 h, in both communities.
Lifestyle. Although coffee beans are exported from Tanna Island, caffeinated beverages are not commonly used or 
readily available in the villages studied. All men drink a beverage of kava root, which, although only a few of its constit-
uents have been studied, has been found to have mild sedative, anxiolytic, and antinociceptive/analgesic properties37–39. 
Sixty-five percent of male participants reported drinking kava on a daily basis. Women are not traditionally permitted 
to drink kava for leisure nor are they permitted to participate in Kava ceremonies. Food consists primarily of locally 
cultivated foods, such as root vegetables (taro, yam, sweet potato, manioc), seasonal fruit (plantain, oranges, grapefruit, 
coconut), and on occasion purchased rice, and chicken, beef, fish or pork for ceremonies/celebrations. Cooking takes 
place over a fire, or with hot stones in an earth oven cooking pit. Breakfast and dinner times were regimented but flexi-
ble, and men who attended the nakamals would often eat late. Lunch times were not regimented .
Although both community types practice primarily subsistence horticultural lifestyles, 23% of the population 
of each community type report spending some time participating in wage labour. Farming is the primary daily 
activity for 93% of the non-electric community members compared to 41% of the electric community members, 
who report spending more time on other daily activities within the village (i.e., fishing, building). Most women 
(including females with and without small infants) report their primary evening activity to be caring for children 
(85% with electricity, 93% without) and attendance at church groups, whereas men report spending time in the 
nakamal (gathering place) for kava drinking (77% with electricity, 73% without).
Bislama is the national language in Vanuatu, but many distinct indigenous oral languages exist on Tanna, and can 
vary even between nearby villages. Although some terms exist to refer to times of the solar day, residents of Tanna Island 
do not quantitatively track time within a day (i.e. no clocks, sun dials, etc.), and there are no designated work and free 
days. Alarm clocks were not used by the participants of this study.  Chickens and small pigs wander freely through the 
villages and often alert residents to sunrise. Individuals do report taking days off from agrarian responsibilities, but 
working in the garden on these days is replaced with obligations for religious worship (e.g. church attendance). Formal 
education is not common, but is increasing in prevalence, especially for villages in close proximity to a school, which is 
the case for electric villages. Morning social obligations included early awakening by some women to prepare children 
for school (reported by 5 women in electric, and 1 in non-electric communities), or to travel to Wednesday market to 
sell produce to make money for school fees. We did not collect information on the prevalence of school attendance but 
as noted, electric villages where closer to schools or to roads where vehicles travel.
procedure. Data were collected over a period of 3 weeks between April 14 and May 8, 2017. On the first 
day of recording, sunrise occurred at 05:52 h and sunset at 17:32 h. By the last day of recording, sunrise had 
Electric Communities Non-Electric Communities
Males Females
BrF. 
Females Total Males Females
BrF. 
Females Total
n 13 13 13 39 15 13 15 43
Est. Age (yrs) 38.3 (9.5) 33.2 (7.5) 29.1 (6.3) 33.54 (8.57) 36.3 (9.3) 34.9 (8.7) 31.4 (8.0) 34.12 (8.74)
Age range 21–48 24–49 20–43 20–49 22–53 22–46 21–43 21–53
Height (ft) 5.62 (0.19) 5.42 (0.16) 5.28 (0.20) 5.44 (0.23) 5.57 (0.24) 5.43 (0.21) 5.04 (0.41) 5.34 (0.38)
Weight (lbs) 170.8 (23.6) 148.4 (25.0) 148.3 (22.4) 155.86 (25.49) 134.7 (30.6) 138.3 (17.1) 129.3 (21.9) 133.82 (23.79)
Body Fat % 21.15 (7.35) 30.85 (7.19) 31.08 (6.60) 27.69 (8.31) 15.50 (4.77) 28.33 (7.23) 25.47 (6.27) 22.90 (8.12)
% Married 92.3% 69.2% 69.2% 79.0% 86.7% 69.2% 86.6% 81.4%
% Sleep with 
Partner 91.7% 66.7% 44.4% 72.4% 100% 77.8% 92.3% 91.4%
% Have 
Children 76.9% 85.2% 100% 84.6% 93.3% 92.3% 100% 95.4%
Avg # Children 3.20 2.46 2.54 2.70 3.79 3.16 4.20 3.76
Est. Age 
Children (yrs) 9.85 10.76 5.56 8.56 8.07 9.87 7.09 7.81
# Co-habitating 4.10 3.15 4.15 3.77 4.33 4.07 5.00 4.48
# Co-sleepers 4.92 3.23 3.61 3.55 5.00 4.15 5.09 4.53
Table 1. Sample characteristics by community and adult type (group means ± SD). Note: BrF. 
Females = Breastfeeding females. Est. Age is the estimated average age (age & birthdays are not tracked). Weight 
& Body fat % were measured using a Tanita UM-028F Scale. All other data are subjective and collected through 
interview. # Cohabitating & # Co-sleepers represents the average total number of individuals (adults & children) 
living together or sharing a sleeping space (includes individual interviewed).
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delayed 8 minutes to 06:00 h, and sunset had advanced 15 minutes to 17:17 h [Source: National Research Council 
of Canada; http://app.hia-iha.nrc-cnrc.gc.ca/cgi-bin/sun-soleil.pl]. Based on distance, sunrise and sunset should 
have differed by no more than 1 minute between community types.
Participants were asked to wear an Actiwatch-2 activity monitor on their wrist for 7 days. These devices 
use accelerometers to measure movement at 32 hz, which was binned into 15 second epochs. Participants were 
instructed not to remove the watch, but abrupt periods of inactivity with invariant or no light level were evident 
in some records.
Participants were visited during data collection week to complete an interview about lifestyle habits and use 
of electric light (see Supplementary Materials). The interviews were administered by trained local translators 
and were conducted in the indigenous language specific to each village. Body weight, body fat % (using a Tanita 
UM-028F scale) and height were recorded. Participants also completed a follow-up questionnaire on day 7, where 
they indicated if there was anything that had disrupted their sleep from its usual pattern (e.g., illness, celebration, 
etc.). This information was used primarily to inform Actiwatch data cleaning (e.g., exclusion of nights in which a 
participant was sick), and to qualitatively understand aspects of local lifestyles that disrupt sleep.
Actiwatch data cleaning. Sleep and wake states were scored by Actiware 6.0.9 software (Phillips 
Respironics, Murrysville, PA) using the default settings, except in the scenarios below. The software uses move-
ment data to score behavioral state as wake, rest and sleep. Rest bouts typically occur immediately before and after 
sleep bouts, and were used to define bedtime and rise time. Subjects were anonymized and each actogram was 
visually inspected prior to analysis.
Exclusions. Segments within a day were excluded if (a) the participant indicated during interview or follow-up 
that they had removed the watch, or if the participant was observed without the watch, or; (b) if no activity counts 
were registered for >2 hours and the participant did not report napping at this time. Thirty minutes of consistent 
activity determined the point at which data would again be included for analysis. If >4 hours (1/6 of the day) were 
excluded, then activity and light counts for that entire 24 h recorded day were excluded. In such cases, sleep onset 
and wake events were analyzed for those days that were available.
Sleep fragmentation removal. In 73 of the 519 nights included in analysis (14% of cases), nocturnal bouts of 
activity were detected by actimetry that were sufficient to divide nocturnal sleep into two bouts (e.g., Fig. 2). In 
these cases, Actiware software chose sleep onset and wake times from the longer of the two sleep bouts to rep-
resent the sleep period for that night. If the following criteria were met, then the two sleep bouts were manually 
joined to allow reported sleep onset and wake time to represent one sleep period across the entire nocturnal 
period (by using sleep onset from the earlier bout and wake time from the later bout). Combining the two sleep 
periods did not change total nocturnal sleep duration, as any periods of awakening during the night were not 
included as sleep. The combining procedure served to consolidate the sleep bouts into one sleep period with 
reduced sleep efficiency. Criteria for combining sleep periods were, (a) the period of nocturnal activity must have 
occurred during a time when the subject was “usually” asleep/inactive (based on visual verification from other 
nights in the actogram), (b) the subject must have been asleep for at least 2 h prior to the period of awakening, 
or (c) the period of nocturnal awakening had to be shorter than the shortest period of sleep. For example, if a 
subject slept for 30 minutes, awoke for 2 h and went back to sleep for 6 h, this would not qualify for fragmentation 
removal, and the 6 h sleep period would be considered their nocturnal sleep period. However, if a subject slept for 
Figure 1. Lifestyle images; Panel (A) Solar light sources in non-electric villages; Panel (B) Sleeping spaces in 
non-electric (upper) and electric (lower) villages; Panel (C) Dwelling types found in both electric and non-
electric villages, with natural material ‘grass huts’ being most common (upper & middle left = grass huts; middle 
right = corrugated tin hut; lower = huts incorporating cement as foundation or walls, with tin roofs).
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4 h, awoke for 2 h, and then slept for 4 h, this would qualify for fragmentation removal (therefore nocturnal sleep 
duration would be 8 h, and the sleep period would be 10 h).
Actiwatch analyses & statistics. Dependent variables were calculated as follows. Raw light and activity 
counts from the Actiwatches were averaged across subjects. Actiware 6.0.9 software was used to score bedtime, 
sleep onset, wake time, rise time, nocturnal sleep duration (the time in minutes between sleep onset and wake 
time minus the number of minutes awake after sleep onset), sleep efficiency (number of minutes awake after sleep 
onset divided by the number of minutes between sleep onset and wake time), and nap duration. Nocturnal sleep 
duration and nap duration were summed to yield 24 h total sleep time (TST). Activity data were imported into 
Clocklab 6.0 (Actimetrics, IL) in 1 min bins for calculation of non-parametric circadian variables, including L5 
(mean activity during the 5 least active consecutive hours each 24 h day), M10 (mean activity during the 10 most 
active consecutive hours), relative amplitude (RA; the ratio of M10-L5 to M10 + L5), intradaily variability (IV; 
the number of transitions between rest and activity bouts per day) and interdaily stability (IS; the variability in the 
timing of rest and activity bouts across days).
JMP 14 (SAS Institute, Cary, NC) and Prism 7.0 (GraphPad Software Inc., San Diego) were used for inferential 
statistics and to produce figures. The primary aim was to assess the relationships between sets of independent 
variables (community type and adult type) and dependent variables (i.e. sleep timing, nocturnal sleep duration, 
sleep efficiency) using separate analyses of variance (ANOVA) for each dependent variable. Prior to conducting 
these ANOVAs, we explored the effects of potential covariates, such as age, number of co-sleepers, and body fat 
percentage by observing whether the potential covariates significantly correlated with the various dependent 
variables. The only significant correlation observed was between age and sleep efficiency. Accordingly, to assess 
the relationships among community type (electric, non-electric) and adult type (males, females, breastfeeding 
females) with sleep timing variables and sleep duration variables, separate 2 × 3 ANOVAs were conducted for 
each dependent variable. To account for the significant relationship between age and sleep efficiency, a (2 × 3) 
ANCOVA was used to emulate the ANOVAs, but with age entered into the model as a covariate. Tukey’s post 
hoc tests were used to further explore significant main effects of adult type, or significant interactions. In cases 
where parametric tests were not appropriate (i.e. violation of assumption of homogeneity of variance; identified 
using Welch’s Test), Mann-Whitney U non-parametric independent samples tests were performed between com-
munity types, foregoing analysis by adult type. Statistical significance was defined at p < 0.05 (two-tailed, unless 
otherwise stated due to a priori directional hypotheses). Figures including means are plotted ± standard error of 
the mean (SEM).
Results
Activity. Actiwatch activity data were averaged in 20-min bins for each subject and then plotted as group 
mean waveforms (Fig. 3). During the daytime, activity levels among residents of the non-electric communities 
were higher than among residents of the electric communities (Fig. 3A), but differences between groups in the 10 
most active hours in the day (M10) did not meet the threshold for statistical significance (median electric = 461.1, 
n = 39; median non-electric = 507.8, n = 43; Mann-Whitney U = 641, p = 0.067). M10 onset time was slightly 
later in the electric group, but again this fell just below the chosen cutoff for statistical significance (median elec-
tric = 07:19 h, n = 39; median non-electric = 06:52 h, n = 43; Mann-Whitney U = 774, p = 0.055).
The 5 least active consecutive hours of the night (L5) did not differ between community types in level (median 
electric = 24.8, n = 39; median non-electric = 22.8, n = 43; Mann-Whitney U = 723, p = 0.287) or time of onset 
(median electric = 23:02 h, n = 39; median non-electric = 23:05 h, n = 43; Mann-Whitney U = 730.5, p = 0.32). 
Relative amplitude also did not differ significantly between groups (median electric = 0.90, n = 39; median 
non-electric = 0.91, n = 43; Mann-Whitney U = 690, p = 0.170).
Figure 2. Representative Actograms from two males in the electric community. Periods of sleep are blue, 
activity is shown as black ticks, light exposure is yellow, consecutive days are stacked vertically. Panel (A) 
Fragmented nocturnal sleep (interrupted blue sections), of which, night 3 and 4 qualified for fragmentation 
removal (see Methods, Data Cleaning); Panel (B) The same subject with nocturnal sleep periods following 
manual fragmentation removal; note that combining the fragmented sleep periods did not change sleep 
duration since wake during the night (black ticks) was subtracted from overall sleep duration. Panel (C) 
Naturally consolidated nocturnal sleep in another subject.
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Intradaily variability (IV) represents the degree of fragmentation of rest-activity patterns, and was significantly 
greater in the electric communities (F(1,76) = 11.83, p < 0.001). Interdaily stability (IS) represents the degree of 
synchrony to the 24 h light-dark cycle and did not differ by community type (F(1,76) = 0.15, p = 0.678). There was a 
significant main effect of adult type for both IV (F(2,76) = 11.47, p < 0.001) and IS (F(2,76) = 3.17, p = 0.048), but no 
significant interactions for either IV (F(2,76) = 0.18, p = 0.832) or IS (F(2,76) = 0.85, p = 0.43). Numerically, breast-
feeding females had the highest levels of both IV and IS (Table 2) compared to other adult type groups.
Light. Actiwatch light exposure data were averaged in 20-min bins for each subject, and then plotted as group 
mean waveforms (Fig. 4). During the study month, sunrise occurred on average at 05:56 h (average civil twi-
light start = 05:33 h), and sunset at 17:23 h (average civil twilight end = 17:46 h). During the daytime (06:00 h – 
17:20 h), both communities were exposed to similar amounts of light throughout the day (median electric = 1550 
lux, n = 38; median non-electric = 1721 lux, n = 43, Mann-Whitney U = 624, p = 0.068). Peak illuminance aver-
aged 2894 ± 2029 lux (11:20 h−11:40 h) in the electric community, and 3373 ± 2300 lux (09:40 h−10:00 h) in 
the non-electric community. During the evening (18:00 h–00:00 h), average light intensities, although low, were 
higher in the electric communities (median electric = 0.168 lux, n = 38; median non-electric = 0.092 lux, n = 43; 
Mann-Whitney U = 564, p = 0.016; Fig. 4E). In the morning before sunrise (3:00 am–5:20 am), light exposure 
did not differ between groups (median electric = 0.016 lux, n = 38; median non-electric = 0.014 lux, n = 43; 
Mann-Whitney U = 672, p = 0.171; Fig. 4F).
During interviews, individuals reported using light (i.e. electric light or solar torches) most commonly in the 
early evening. In electric communities, 7 individuals had no access to the electric grid (although 1 did report 
evening electric light exposure 4 days a week), but all 7 used solar torches in the evening (6 of them daily). Of 
individuals with access to an electric grid, 2 (6.25%) reported not using it during the study period but using 
solar torches daily, 10 (31.25%) reported some use (1–6 days per week), and 20 (62.5%) reported using electric 
light every evening. All individuals in electric communities used artificial light during the study period (electric 
light and/or solar torches), and those with grid access supplemented their electric light use with solar torches. 
In non-electric communities, 3 (7%) participants did not use any form of artificial light during the study period, 
4 (9.3%) reported some evening use (1–6 days per week), and 36 (83.7%) of participants reported using solar 
torches every evening.
nocturnal sleep timing. There was no significant difference between the electric and non-electric commu-
nities in Actiwatch measures of average bedtime (F(2,80) = 2.25, p = 0.138), wakeup time (F(2,81) = 0.54, p = 0.467) 
and rise time (F(2,81) = 0.39, p = 0.533) (Fig. 5A,B,D; Table 2). Sleep onset, however, was significantly delayed in the 
electric communities (F(1,80) = 5.50, p = 0.022), with individuals falling asleep 23 min later on average compared 
to non-electric communities (Fig. 5C).
Across communities, there was a main effect of adult type on bedtime (F(2,80) = 4.65, p = 0.013), sleep onset 
time (F(2,80) = 5.87, p = 0.004), wake up time (F(2,81) = 9.49, p < 0.001) and rise time (F(2,81) = 10.03, p < 0.001). 
Figure 3. Group mean (±standard error) waveforms of activity in 20-minute time bins, comparing community 
type (Panel (A) electric in red; non-electric in blue) for each adult category (Panel (B) males; Panel (C) 
breastfeeding females; Panel (D) females). Vertical lines indicate day/night transition (sunrise & sunset; grey), 
and environmental temperature (degrees Celsius; pink) and relative humidity (RH %; light blue) peak and nadir.
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Post hoc tests revealed that, in both electric and non-electric communities, all times were significantly earlier in 
breastfeeding females compared to males (Table 2). In females without breastfeeding children, sleep timing was 
intermediate between breastfeeding females and males, but differences were not significant. Individual sleep onset 
and wake data by adult type are provided in Supplementary Materials (Supplementary Fig. 1).
nocturnal sleep duration. Actiwatch-derived nocturnal sleep duration in adult subjects living in elec-
tric and non-electric communities averaged 7.42 ± 0.16 h (445 ± 9 min) and 7.88 ± 0.14 h (473 ± 8 min), respec-
tively (difference = 28 min; Fig. 6A). Two-way ANOVA revealed a significant main effect of community type 
(F(2,81) = 4.94, p = 0.029), no main effect of adult type (F(2,81) = 0.55, p = 0.58), and a significant interaction 
between community and adult type (F(2,81) = 4.60, p = 0.013). Tukey’s post hoc tests revealed that community 
type differences were driven by breastfeeding females with access to electricity, who slept on average 65 min less 
than did breastfeeding females in the non-electric communities (Fig. 6A). Breastfeeding females in the electric 
communities slept less than other groups in the electric community, while males and females did not differ signif-
icantly in either community. Sleep duration did not correlate with estimates of age (electric r = 0.09; non-electric 
r = −0.22; p’s > 0.05).
Nocturnal sleep fragmentation and sleep efficiency. The Actiware 6.0.9 sleep scoring algorithm 
divided nocturnal sleep into multiple bouts on at least one night in 56% of the electric community sample and 
47% of the non-electric sample, for a total of 73 out of 519 nights (Table 3). Among individuals exhibiting sleep 
fragmentation, the average percentage of nights with fragmentation was 30% in the electric and 20% in the 
non-electric communities. Prevalence was highest in breastfeeding females in the electric communities.
Fragmentation contributed to the nocturnal sleep efficiency score, which was 3.0% lower in the electric com-
munities compared to the non-electric (Table 2; Fig. 7A). An analysis of covariance model was used to test the 
effects of community type (electric vs non-electric), adult type (males, females, breastfeeding mothers), and the 
covariate age on sleep efficiency. The analysis showed a statistically significant interaction between the covariate 
age and community type (F(1,72) = 8.32, p = 0.005). Sleep efficiency was related to age only in the non-electric 
Electric Communities Non-Electric Communities Significance 
value between 
CommunitiesMales Females BrF. Females Total Males Female BrF. Females Total
n 13 13 13 39 15 13 15 43
Bedtime 
(h:mm) 21:16* (0:41) 20:32 (0:56) 20:44 (0:47) 20:50* (0:51) 20:54 (0:59) 20:44 (1:02) 20:03 (0:32) 20:33 (0:57) p = 0.138
Sleep Onset 
(h:mm) 21:42* (0:38) 21:02 (0:59) 21:14 (0:49) 21:19* (0:51) 21:19 (0:56) 21:05 (0:58) 20:24 (0:36) 20:56 (0:55) p = 0.022
Wake Up 
(h:mm) 6:20 (0:46) 6:04 (0:57) 5:20 (0:33) 5:54 (0:52) 6:17 (1:05) 5:36 (0:47) 5:26 (0:24) 5:47 (0:52) p = 0.467
Rise Time 
(h:mm) 6:39 (0:43) 6:19 (1:00) 5:36 (0:31) 6:11 (0:53) 6:37 (1:05) 5:53 (0:50) 5:44 (0:23) 6:05 (0:54) p = 0.533
Nocturnal 
Sleep Duration 
(hours)
7.42 (0.72) 7.91 (0.97) 6.94 (1.05) 7.42 (1.00) 8.05 (1.32) 7.53 (0.47) 8.02 (0.62) 7.88 (0.92) p = 0.029
Nocturnal Sleep 
Efficiency (%) 79. (3.35) 83.47 (4.54) 77.80 (6.24) 80.25 (5.31) 82.95 (5.07) 82.53 (4.04) 82.66 (3.64) 82.72 (4.20) p = 0.017
24 h Total Sleep 
Time (hours) 7.47 (0.87) 8.15 (1.05) 7.32 (1.12) 7.65 (1.06) 8.24 (1.16) 7.63 (0.47) 8.13 (0.66) 8.02 (0.81) p = 0.084
Avg # Naps/Day 0.63 (0.47) 0.51 (0.40) 1.15 (0.90) 0.77 (0.69) 0.56 (0.54) 0.24 (0.32) 0.29 (0.35) 0.36 (0.46) p = 0.001
Nap Duration 
(mins) 28.01 (9.77) 30.61 (15.18) 23.53 (7.75) 27.27 (11.30) 37.34 (21.53) 27.74 (15.94) 24.01 (8.60) 32.75 (3.51) p = 0.493
Activity level: 
most active 10 h 
period (M10)
461.36 (171.88) 507.34 (76.62) 454.23 (144.22) 474.31 (132.96) 501.31 (245.93) 627.76 (160.74) 545.59 (172.85) 554.98 (200.46) p = 0.067
Activity level: 
least active 5 h 
period (L5)
21.31 (12.66) 50.18 (54.12) 25.48 (9.37) 31.37 (18.36) 33.75 (20.80) 21.91 (14.93) 38.45 (68.20) 31.49 (31.47) p = 0.287
Relative 
Amplitude 0.84 (0.43) 0.92 (0.22) 0.84 (0.25) 0.87 (0.25) 0.90 (0.31) 0.85 (0.58) 0.91 (0.15) 0.89 (0.20) p = 0.170
Intradaily 
Variability (IV) 0.7180 (0.14) 0.6350 (0.11) 0.8329 (0.14) 0.7286 (0.19) 0.6273 (0.15) 0.5425 (0.14) 0.7025 (0.12) 0.6279 (0.20) p < 0.001
Interdaily 
Stability (IS) 0.5194 (0.14) 0.5772 (0.11) 0.6212 (0.07) 0.5726 (0.12) 0.5749 (0.19) 0.5167* (0.07) 0.6402 (0.08) 0.5987* (0.13) p = 0.678
Daytime 
Light Avg Lux 
(6:00–17:20)
1958.46 
(753.59)
1812.37 
(633.99)
1169.52 
(539.93) 1747 (919)
2674.65 
(1144.59)
1964.22 
(1284.54)
1810.13 
(573.10) 2158 (1081) p = 0.068
Evening Lux 
(18:00–0:00) 0.12 (0.11) 0.22 (0.25) 0.31 (0.43) 0.33 (0.43) 0.10 (0.10) 0.14 (0.15) 0.04 (0.02) 0.15 (0.19) p = 0.016
Morning Lux 
(3:00–5:20) 0.05 (0.06) 0.05 (0.07) 0.13 (0.17) 0.07 (0.11) 0.02 (0.01) 0.04 (0.05) 0.02 (0.01) 0.02 (0.03) p = 0.171
Table 2. Sleep parameters by community and adult type (means ± SD). Note: *indicates outlier removal (n −1).
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community. For this reason, separate tests were conducted for both electric and non-electric communities. In the 
electric community, there was a main effect of adult type (F(2,35) = 4.44, p = 0.019), with lower sleep efficiency in 
males and breastfeeding females compared to females (Table 2; Fig. 7B). In the non-electric community, there 
was no main effect of adult type (F(2,39) = 0.47 p = 0.629). Relationships between age and sleep efficiency by adult 
type were weak for both communities (Fig. 8C,D), and significant only for breastfeeding females in non-electric 
villages, with sleep efficiency decreasing with age (F(1,39) = 10.5, p = 0.002).
Subjective reports from interviews indicate that 90.7% of individuals in the electric and 92.3% in the 
non-electric communities, report waking up during the night. The cause of sleep interruptions in both commu-
nity types was most frequently attributed to infant care (i.e. babies crying), and dogs barking (Supplementary 
Fig. 2). Despite this, the majority of individuals (>60%) in each community reported feeling that they slept 
“enough”.
Daytime napping and 24 h total sleep time. Actiwatch-derived nap data show that individuals in the 
electric communities took more naps per day (median electric = 0.67, n = 39; median non-electric = 0.20, n = 43; 
Mann Whitney U = 478.5, p = 0.001). The difference was driven primarily by breastfeeding females in the electric 
Figure 4. Panel (A–D) show group mean (±standard error) waveforms of light exposure in 20-minute time 
bins, comparing community type (Panel (A) electric in red; non-electric in blue) for each adult category (Panel 
(B) males; Panel (C) breastfeeding females; Panel (D) females). Vertical grey line indicates day/night transition 
(sunrise & sunset). Panel E and F show average light exposure (lux) measured by Actiwatch-2 for subjects in 
post-sunset (18:00–0:00) and pre-sunrise (3:00–5:20) hours (presumably corresponding to times when light 
would lead to phase delays and advances, respectively). Horizontal dashed lines indicate mean light exposure for 
electric (red) and non-electric (blue) communities, corresponding to numerical means presented (±standard 
error).
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communities (Fig. 6C). Nap duration did not differ between community type (median electric = 26.6 min, n = 34; 
median non-electric = 27.5 min, n = 30; Mann Whitney U = 458.5, p = 0.49; Fig. 6D).
To determine whether daily naps may compensate for reduced sleep in the electric communities, naps and 
nocturnal sleep were summed to yield total sleep time (TST; Fig. 7B). In this cumulative measure of sleep, there 
was no significant main effect of community (electric = 7.65 ± 0.17 h; non-electric = 8.02 ± 0.13 h; F(1,76) = 3.07, 
p = 0.084) or adult type (F(1,76) = 0.23, p = 0.079), but there was a significant interaction (F(1,76) = 4.68, p = 0.012). 
As with nocturnal sleep duration, TST in breastfeeding females was lower in electric communities compared 
to the non-electric communities, although the difference was not significant after correction for multiple 
comparisons.
Relationships between sleep timing and duration. Nocturnal sleep onset was delayed and duration 
shorter in communities with electric lighting. If reduced duration was caused by a delayed sleep onset but fixed 
wake time, then duration should be negatively correlated with onset time, and weakly or uncorrelated with wake 
time. In the electric communities, nocturnal sleep duration did exhibit a strong negative correlation with both 
bedtime (r = −0.47, p < 0.00) and sleep onset (r = −0.42, p < 0.00) and no significant correlation with either 
wake up time (r = 0.19, p > 0.05) or rise time (r = 0.17, p > 0.05) (Fig. 8). Removal of one outlier (>3.5 standard 
deviations from the mean) from the electric community bedtime and sleep onset data did not change this result. 
In the non-electric communities, nocturnal sleep duration correlated negatively with both bedtime (r = −0.49, 
p < 0.00) and sleep onset (r = −0.46, p < 0.00), and positively with both wake up time (r = 0.52, p < 0.00) and rise 
time (r = 0.52, p < 0.00).
environmental variables. Sleep timing, duration, and efficiency can be affected by environmental stimuli, 
including light, temperature, humidity, and co-sleepers. Residents in both communities went to bed approxi-
mately 3–3.5 h after sunset, which occurred between 17:17 h−17:32 h during the study, and awoke very close to 
sunrise, which occurred between 05:52 h−06:00 h (Fig. 9). Wake times were on average closer to sunrise than to 
transitions in ambient temperature and relative humidity, which, at the time of recording, occurred after sunrise, 
as measured by iButtons in sleeping huts.
A role for evening light exposure in the relationship between sleep onset time and sleep duration is suggested 
by a significant negative correlation between evening light and nocturnal sleep duration in the electric commu-
nity (r = −0.39, p = 0.02). Evening light was not significantly correlated with sleep duration in the non-electric 
community (r = −0.06, p = 0.70), and morning light exposure was not significantly correlated with sleep duration 
in either group.
In neither community was sleep efficiency or sleep duration significantly related to average nighttime temper-
ature or humidity (correlation coefficients r < 0. 2, p’s < 0.05; Supplementary Fig. 3). The absence of a relationship 
may be due to relatively low variability of average temperature and humidity across the nights of this study. A 
few of the sleeping huts in villages with electricity were constructed with tin and cement, and these had lower 
humidity at night compared to grass huts, but the small number of these huts precluded analyses by hut types.
Figure 5. Mean (±standard error) sleep timing by community type. Significant difference between means at 
p < 0.05 denoted by*.
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All participants in this study shared sleeping quarters with multiple children or adults. Higher numbers of 
co-sleepers might be expected to increase the number of nocturnal awakenings, and thereby reduce sleep effi-
ciency and potentially sleep duration, as has been previously reported30,34,40,41. In the present study, the average 
number of co-sleepers was slightly greater in the non-electric communities (4.5 co-sleepers) compared to the 
electric communities (3.6 co-sleepers), yet the non-electric communities had both longer nocturnal sleep and 
higher sleep efficiency. Also, neither nocturnal sleep duration nor nocturnal sleep efficiency were significantly 
correlated with the number of individuals sharing a sleeping space in the electric (duration: r = −0.06, p = 0.73; 
Figure 6. Mean (±standard error) sleep durations by community type and adult type. Panel (A) nocturnal 
duration; Panel (B) 24 h sleep duration (total sleep time); Panel (C) average number of naps per day; Panel (D) 
nap duration. Significant difference between means at p < 0.05 denoted by*.
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efficiency: r = −0.09, p = 0.58) or the non-electric communities (duration: r = −0.01, p = 0.96; efficiency: 
r = −0.11, p = 0.50). There was also no relationship when correlations were calculated using the number of adult 
and child co-sleepers separately (Supplementary Fig. 4).
Discussion
This is the first actigraphy study of sleep timing and duration in indigenous Melanesians living small scale, tradi-
tional horticultural lifestyles in the south pacific island nation of Vanuatu. We found that habitual sleep duration 
among the Ni-Vanuatu of Tanna Island is long compared to several small-scale hunter-gatherer, agrarian and 
pastoralist societies in Africa and Bolivia27–30, and compared to most samples from industrialized western pop-
ulations studied by actimetry using Actiwatches (Fig. 10). We also found that nocturnal sleep onset was delayed 
by 23 minutes and duration was shorter by 28 minutes in participants living in coastal villages with on-demand 
access to electric light at night. A significant interaction with adult type suggests that the difference in sleep dura-
tion is driven primarily by breastfeeding females in the communities with electricity. Reduced nocturnal sleep 
in this group may have been causally related to increased light exposure during nighttime infant care, compared 
% of Sample Males Females BrF. Females Average
Electric 53.9 46.2 69.2 56.4
Non-Electric 25.7 61.5 53.3 46.8
Average 39.8 53.8 61.3
% of Nights Males Females BrF. Females Average
Electric 30.5 26.2 34.7 30.5
Non-Electric 21.4 15.5 23.8 20.2
Average 26.0 20.8 29.2
Table 3. Prevalence of sleep fragmentation by percent of sample and percent of total nights of recording. Note: 
Sleep fragmentation was defined as nocturnal bouts of activity detected by actimetry that were sufficient to 
divide nocturnal sleep into two or more bouts of sleep.
Figure 7. Panel (A) Mean (±standard error) sleep efficiency by community type and adult type. Panel (B) 
Relationship between sleep efficiency and estimated age (as age & birthdays are not tracked) for adult types 
within each community.
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to breastfeeding females in the non-electric communities who had the same nocturnal responsibilities without 
on-demand availability of electric light.
We interpret these results as supporting the view that sleep timing and duration in humans is shaped in part 
by lifestyle adaptations to the opportunities and challenges of particular ecologies. Hunter-gatherer (San, Tsimane 
Figure 8. Scatterplots of the relationship between nocturnal sleep duration with sleep onset time (Panel A), and 
wake onset time (Panel B) in the electric (left panels; red) and non-electric (right panels; blue) communities.
Figure 9. Nocturnal sleep timing in the electric (red bar) and non-electric (blue bar) communities, aligned with 
daily waveforms of average daily temperature (middle panel; mean degrees Celsius ± standard error) and relative 
humidity (upper panel; mean % + standard error). Temperature and humidity recorded using iButtons (Maxim 
Integrated, San Jose, CA) placed in grass huts near sleeping spaces during the study period (April 15–May 7, 2017).
13Scientific RepoRtS |         (2019) 9:17278  | https://doi.org/10.1038/s41598-019-53635-y
www.nature.com/scientificreportswww.nature.com/scientificreports/
and Hadza) and pastoralist (Himba) societies, living at virtually the same latitude as Tanna Island and also studied 
using wrist-worn actigraphy averaged markedly less daily sleep than the Ni-Vanuatu on Tanna Island27–30. Life 
on Tanna Island is characterized by reliable food access, a mild subtropical climate with relatively low daily and 
seasonal variability in temperature and day length, absence of predators, and minimal social conflict. Under 
these conditions, there may be no special fitness advantage of short sleep. Conceivably, there may be a fitness 
advantage favoring a short sleep genotype in hunter-gatherer and pastoralist societies that is not present in the 
horticulture-based lifestyle on Tanna Island. Alternatively, short sleep durations in some groups may reflect less 
favorable sleeping conditions, which could imply that these groups are chronically in sleep deficit. The similar 
latitude, and thus daylength, sunrise, and sunset times, rule these out as explanations for differences between the 
Ni-Vanuatu and hunter-gatherer and pastoralist societies studied to date (Supplementary Fig. 5).
We also interpret these results within the context of the developing economy sleep degradation hypothesis and 
the postindustrial sleep degradation hypothesis29. Although sleep duration on Tanna Island was long by com-
parison with most actigraphy studies of industrialized western populations (Fig. 10), sleep efficiency was low 
(80–83%)42. This may reflect environmental disturbances, such as having multiple co-sleepers, and housing that 
offers little protection from surroundings (e.g. noise and weather). Compared to Western homes, the walls of 
dwellings in Vanuatu are thin and uninsulated and allow greater exposure to outdoor temperatures, and greater 
sound transmission when wild dogs bark or neighbouring babies cry. Reported sleep disruptions seem to reflect 
differences in location. For instance, the electric communities are closer to developed roads and reported more 
automobile related noise disruptions, which would be expected to increase as industrialization progresses. Noise 
is proposed as a large component of the ‘developing economy sleep degradation hypothesis’ since increasing pop-
ulation density paired with traditional housing offers little buffer29. In addition, participants living in villages with 
electric lighting exhibited delayed and shorter nocturnal sleep. This was associated with increased exposure to 
evening light, and was particularly prevalent in breastfeeding females, who would be expected to experience more 
nocturnal waking and evening light exposure. Thus, sleep on Tanna Island exhibits characteristics of developing 
economy sleep degradation (suggested by low sleep efficiency) and post-industrial sleep degradation (suggested 
by delayed and reduced nocturnal sleep associated with access to on-demand electric light in the evening). While 
modern standards of living (more comfortable sleeping arrangements, protection from elements, buffer from 
noise, etc.) may improve sleep, access to lighting around the clock and other factors (e.g., work or school sched-
ules, daylight saving time, etc.) may counteract some of these improvements.
Figure 10. Mean (±standard error) nocturnal sleep duration in hours recorded by actigraphy. Vertical dashed 
lines represent the mean nocturnal sleep duration for each group. Studies of industrialized societies were 
included if they used Actiwatch accelerometers (currently Phillips Respironics, Inc.) and associated sleep 
scoring software. Only data from healthy adults (>18 years of age) on non-restricted sleep schedules were 
included. If reports included analysis with multiple Actiwatch software settings (e.g. different activity sensitivity 
thresholds), only the results using default settings were included in the table, to permit comparison with the 
present study results. Due to a limited number of non-industrial studies done to date, all non-industrial studies 
were included regardless of recording device. Differences in sleep detection methods, or external factors such as 
differences in season may contribute to differences in sleep duration.
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The difference in average nocturnal sleep duration between the electric and non-electric villages in our study 
sample was 28 minutes. A reduction of this magnitude in industrialized populations is thought to be physiologi-
cally and behaviorally significant, especially if accumulating over days of the work week or longer14,43. It is possible 
that the 7.88 h average nocturnal sleep duration in Tanna Island villages without electricity represents a surfeit, 
and that a roughly half-hour reduction in villages with electricity is of no functional consequence. If 28 min less 
sleep at night does represent a deficit, then we might expect to see an effort to compensate by increased daytime 
napping. While both study groups exhibited some daytime sleep, naps were significantly more prevalent in vil-
lages with electricity. When these naps were combined with nocturnal sleep to yield total daily sleep time, the 
difference in sleep duration between villages with and without electricity was no longer statistically significant. 
This suggests that daytime naps are at least in part compensatory and that the shorter nocturnal sleep duration in 
electric communities represents a deficit.
Presumably, the magnitude of differences in sleep timing and duration between communities with and with-
out electric lighting on Tanna Island is limited by continuous exposure to natural light throughout the day in both 
groups. Morning light opposes the phase delaying effect of evening light2,3,5, and increased daytime light decreases 
sensitivity to artificial evening light44. Given the similarity of daytime light exposure patterns in the coastal and 
inland villages, evidence for a significant effect of on-demand electric light in coastal villages is notable. Another 
factor that may limit differences between groups is the use of solar torches after sunset in both communities. 
However, torches provide only low intensity light that is typically directed toward objects and away from the eyes. 
Despite the use of torches in the non-electric communities, those living in the electric communities showed more 
light exposure during the first hours of the night (18:00–0:00), and this was associated with delayed sleep onset 
times and less nocturnal sleep. Delayed sleep onsets may be due to a phase-delay of the circadian pacemaker con-
trolling sleep onset, an acute effect of evening light on alertness (possibility mediated by suppression of melatonin 
secretion) or both. Additional studies designed to measure circadian phase physiologically (e.g., by serial salivary 
melatonin sampling) are required to address this. In either case, the results support a hypothesis that exposure to 
artificial light after sunset can delay sleep onset and reduce sleep duration. Such effects can be expected to increase 
as access to electricity on Tanna Island expands.
Historical writings have been taken to suggest that in preindustrial western European populations, noctur-
nal sleep habitually occurred in two bouts - so-called ‘first and second sleep’ - separated by an hour or more of 
midnight waking45. Segmented patterns suggestive of ‘first and second sleep’ have been observed in a small-scale 
agricultural society in Madagascar29. In the present study, 14% of the 519 recorded nights exhibited a bout of noc-
turnal waking that was sufficient for the state detection algorithm to score two separate bouts of sleep. However, 
this pattern does not appear to fit with the concept of ‘first and second sleep’ as a reliable sleep phenotype. About 
50% of the subjects showed evidence of split sleep, and among those that did, the pattern was sporadic, with split 
sleep typically evident on only one of up to eight nights of recording. Splits also occurred at variable times of 
night. Nocturnal sleep in the indigenous residents of Tanna Island is therefore best described as monophasic, with 
occasional opportunistic daytime naps.
An increase in the number of sleepers sharing the same sleep surface or room can reduce sleep effi-
ciency30,34,40,41 or duration46. The number of co-sleepers was slightly greater in the non-electric communities, but 
sleep duration and efficiency were lower in the electric communities. Also, there was no association between the 
number of co-sleepers and sleep duration and efficiency in either community. In addition, residents of Tanna 
commonly sleep on hard surfaces, which would not transfer movement between adjacent co-sleepers. For these 
reasons, it is unlikely that any differences in the number of co-sleepers would account for differences in sleep 
duration and efficiency between communities.
Decreased sleep efficiency with increased age is a commonly reported association42. Although the range of 
ages was limited in the present sample (adults, estimated ages 20–53 years), a negative relationship with age and 
sleep efficiency did emerge, but only in non-electric communities. In communities with an electric grid, the 
lack of a relationship indicated that young adults also exhibited lower sleep efficiency, something that was not 
apparent in the young adults of the non-electric communities. A non-electric Haitian population showing lower 
sleep efficiency in younger adults suggests lifestyle factors, such as, increased childcare responsibilities, nocturnal 
household duties, or engagement in social activities that mask physiological age differences41, all of which may be 
more easily facilitated in Tanna’s electric communities.
On Tanna Island, males are often up late drinking kava, which is an important custom in Vanuatu, as the naka-
mal, where kava is consumed, is an important gathering place for older men to pass along knowledge and advice 
to young males in the village. Kava is mildly sedating, but males and non-breastfeeding females pooled separately 
across communities did not exhibit difference in sleep duration or efficiency, suggesting minimal effect of Kava 
consumption on sleep. We do not have sufficient information to be able to separate and compare sleep on nights 
with and without Kava consumption, and any effects might not be detectable by actigraphy.
A limitation of this study is that data were collected only in April and May, during the transition from summer 
to winter, when daylength averages ~11.5 h. Seasonal variation in sleep timing has been reported in traditional 
hunter-gatherer societies27,33, with daily wake-up time in one study population (the San of Namibia) tracking sea-
sonal changes in the time of the daily minimum of environmental temperature more closely than changes in the 
time of sunrise27. In the present study, temperature recorded in representative sleeping huts showed a daily min-
imum that occurred on average 26 min after sunrise, in both the coastal and the inland villages. Wake onsets on 
average were closer to sunrise than to the ambient temperature minimum in both groups. Ambient temperature 
may be less significant for sleep timing on Tanna Island because nights are milder, the daily temperature range 
is modest (averaging just under 4 °C), and the transition from decreasing to increasing temperature is gradual. 
Also, temperature is mild throughout the year and seasonal variation is modest. In this respect, the natural sleep 
environment on Tanna Island may be more similar to modern built sleep environments, in which temperature 
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changes from day to night are minimized. If ambient temperature plays a role in sleep timing, then we would 
not expect to see a large effect of seasonal temperature changes on sleep parameters in residents of Tanna Island.
The results of this study indicate that sleep measured by actigraphy in the small-scale traditional society on 
Tanna Island can be differentiated from sleep in western industrialized samples by relatively long duration and 
low efficiency. Availability of on-demand electric light appears to have a detectable effect on nocturnal sleep onset 
and duration, but this effect is likely mitigated by exposure to natural light throughout the day. Actigraphy studies 
of indigenous Ni-Vanuatu living in industrialized population centers elsewhere in Vanuatu may provide further 
insight into how lifestyle and industrialization shape sleep.
Data availability
The data sets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request (mistlber@sfu.ca).
Received: 24 July 2019; Accepted: 31 October 2019;
Published: xx xx xxxx
References
 1. Czeisler, C. A. & Gooley, J. J. Sleep and circadian rhythms in humans. Cold Spring Harb. Symp. Quant. Biol. 72, 579–97 (2007).
 2. Khalsa, S. B., Jewett, M. E., Cajochen, C. & Czeisler, C. A. A phase response curve to single bright light pulses in human subjects. J 
Physiol. 549(Pt3), 945–52 (2003).
 3. St Hilaire, M. A. et al. Human phase response curve to a 1 h pulse of bright white light. J Physiol. 590(13), 3035–45 (2012).
 4. Pilz, L. K., Levandoski, R., Oliveira, M. A. B., Hidalgo, M. P. & Roenneberg, T. Sleep and light exposure across different levels of 
urbanization in Brazilian communities. Sci. Rep. 8, 11389 (2018).
 5. Roenneberg, T., Kumar, C. J. & Merrow, M. The human circadian clock entrains to sun time. Curr. Boil. 17(2), R44–R45 (2007).
 6. Wright, K. P. et al. Entrainment of the Human Circadian Clock to the Natural Light-Dark Cycle. Curr. Biol. 23, 1554–1558 (2013).
 7. Johnson, C. H., Elliott, J. A. & Foster, R. Entrainment of circadian programs. Chronobiol Int. 20(5), 741–744 (2003).
 8. Wittmann, M., Dinich, J., Merrow, M. & Roenneberg, T. Social jetlag: misalignment of biological and social time. Chronobiol. Int. 
23, 497–509 (2006).
 9. Spiegel, K., Leproult, R. & Van Cauter, E. Impact of sleep debt on metabolic and endocrine function. The Lancet 354, 1435–1439 
(1999).
 10. Arble, D. M. et al. Impact of sleep and circadian disruption on energy balance and diabetes: a summary of workshop discussions. 
Sleep 38, 1849–1860 (2015).
 11. Alvarez, G. G. & Ayas, N. T. The impact of daily sleep duration on health: a review of the literature. Prog. Cardiovasc. Nurs. 19(2), 
56–59 (2004).
 12. Banks, S. & Dinges, D. F. Behavioral and physiological consequences of sleep restriction. J. Clin. Sleep Med. 3(05), 519–528 (2007).
 13. Depner, C. M. et al. Ad libitum Weekend Recovery Sleep Fails to Prevent Metabolic Dysregulation during a Repeating Pattern of 
Insufficient Sleep and Weekend Recovery Sleep. Curr. Biol. 29(6), 957–967 (2019).
 14. Watson, N. F. et al. Joint Consensus Statement of the American Academy of Sleep Medicine and Sleep Research Society on the 
Recommended Amount of Sleep for a Healthy Adult: Methodology and Discussion. Sleep. 38(6), 843–4 (2015).
 15. Kripke, D. F. Sleep and mortality. Psychosom. Med. 65, 74 (2003).
 16. Aurora, R. N., Kim, J. S., Crainiceanu, C., O’Hearn, D. & Punjabi, N. M. Habitual sleep duration and all-cause mortality in a general 
community sample. Sleep. 39, 1903–1909 (2016).
 17. Cai, H. et al. Sleep duration and mortality: a prospective study of 113 138 middle-aged and elderly Chinese men and women. Sleep. 
38, 529–536 (2015).
 18. Silva, G. E. et al. Relationship between reported and measured sleep times: the sleep heart health study (SHHS). J Clin. Sleep Med. 
3(6), 622–30 (2007).
 19. Lauderdale, D. S., Knutson, K. L., Yan, L. L., Liu, K. & Rathouz, P. J. Self-reported and measured sleep duration: how similar are they? 
Epidemiology. 19(6), 838–45 (2008).
 20. Schokman, A. et al. Agreement between subjective and objective measures of sleep duration in a low-middle income country setting. 
Sleep Health 4(6), 543–550 (2018).
 21. Basner, M. & Dinges, D.F. Sleep duration in the United States 2003–2016: first signs of success in the fight against sleep deficiency? 
Sleep. 41(4) (2018).
 22. Lamote de Grignon Pérez, J., Gershuny, J., Foster, R. & De Vos, M. Sleep differences in the UK between 1974 and 2015: Insights from 
detailed time diaries. J. Sleep Res. 28(1), e12753 (2019).
 23. Marshall, N. S. & Lallukka, T. Sleep pirates-are we really living through a sleep deprivation epidemic and what’s stealing our sleep? 
Eur. J. Public Health. 28(3), 394–395 (2018).
 24. Knutson, K. L., Van Cauter, E., Rathouz, P. J., DeLeire, T. & Lauderdale, D. S. Trends in the prevalence of short sleepers in the USA: 
1975-2006. Sleep 33, 37–45 (2010).
 25. Youngstedt, S. D. et al. Has adult sleep duration declined over the last 50+ years? Sleep Med. Rev. 28, 65–81 (2015).
 26. Bin, Y. S., Marshall, N. S. & Glozier, N. Secular trends in adult sleep duration: a systematic review. Sleep Med. Rev. 16(3), 223–230 
(2012).
 27. Yetish, G. et al. Natural Sleep and Its Seasonal Variations in Three Pre-industrial Societies. Curr. Biol. 25, 2862–2868 (2015).
 28. Samson, D. R., Crittenden, A. N., Mabulla, I. A., Mabulla, A. Z. & Nunn, C. L. Hadza sleep biology: Evidence for flexible sleep-wake 
patterns in hunter-gatherers. Am. J. Phys. Anthropol. 162(3), 573–582 (2017).
 29. Samson, D. R. et al. Segmented sleep in a nonelectric, small-scale agricultural society in Madagascar. Am. J. Hum. Biol. 29(4), e22979 
(2017).
 30. Prall, S. P., Yetish, G., Scelza, B. A. & Siegel, J. M. The influence of age-and sex-specific labor demands on sleep in Namibian 
agropastoralists. Sleep Health 4, 500–508 (2018).
 31. Siegmund, R., Tittel, M. & Schiefenhövel, W. Activity monitoring of the inhabitants in Tauwema, a traditional Melanesian village: 
rest/activity behaviour of Trobriand islanders (Papua New Guinea). Biol. Rhythm Res. 29(1), 49–59 (1998).
 32. Lagranja, E. S., Phojanakong, P., Navarro, A. & Valeggia, C. R. Indigenous populations in transition: an evaluation of metabolic 
syndrome and its associated factors among the Toba of northern Argentina. Ann. Hum. Biol. 42(1), 84–90 (2015).
 33. De la Iglesia, H. O. et al. Access to Electric Light Is Associated with Shorter Sleep Duration in a Traditionally Hunter-Gatherer 
Community. J. Biol. Rhythms 30, 342–350 (2015).
 34. Beale, A. D. et al. Comparison between an African town and a neighbouring village shows delayed, but not decreased, sleep during 
the early stages of urbanisation. Sci. Rep. 7 (2017).
 35. Moreno, C. R. C. et al. Sleep patterns in Amazon rubber tappers with and without electric light at home. Sci. Rep. 5, srep14074 
(2015).
1 6Scientific RepoRtS |         (2019) 9:17278  | https://doi.org/10.1038/s41598-019-53635-y
www.nature.com/scientificreportswww.nature.com/scientificreports/
 36. Peixoto, C. A. T., da Silva, A. G. T., Carskadon, M. A. & Louzada, F. M. Adolescents living in homes without electric lighting have 
earlier sleep times. Behav. Sleep Med. 7(2), 73–80 (2009).
 37. Capasso, A. & Sorrentino, L. Pharmacological studies on the sedative and hypnotic effect of Kava kava and Passiflora extracts 
combination. Phytomedicine 12(1-2), 39–45 (2005).
 38. Pittler, M. H. & Ernst, E. Efficacy of kava extract for treating anxiety: systematic review and meta-analysis. J Clin. Psychopharm. 
20(1), 84–89 (2000).
 39. Saletu, B. et al. EEG-brain mapping, psychometric and psychophysiological studies on central effects of kavain-a kava plant 
derivative. Hum. Psychopharm. 4, 169–190 (1989).
 40. Crittenden, A. N. et al. Infant co-sleeping patterns and maternal sleep quality among Hadza hunter-gatherers. Sleep Health. 4(6), 
527–534 (2018).
 41. Knutson, K. L. Sleep duration, quality, and timing and their associations with age in a community without electricity in Haiti. Am. J. 
Hum. Biol. 26(1), 80–86 (2014).
 42. Ohayon, M. M., Carskadon, M. A., Guilleminault, C. & Vitiello, M. V. Meta-analysis of quantitative sleep parameters from childhood 
to old age in healthy individuals: developing normative sleep values across the human lifespan. Sleep 27(7), 1255–1273 (2004).
 43. Van Dongen, H. P., Maislin, G., Mullington, J. M. & Dinges, D. F. The cumulative cost of additional wakefulness: dose-response 
effects on neurobehavioral functions and sleep physiology from chronic sleep restriction and total sleep deprivation. Sleep. 26(2), 
117–26 (2003).
 44. Hébert, M., Martin, S. K., Lee, C. & Eastman, C. I. The effects of prior light history on the suppression of melatonin by light in 
humans. J. Pineal Res. 33(4), 198–203 (2002).
 45. Ekirch, A. R. Sleep we have lost: Pre-industrial slumber in the British Isles. Am. Hist. Revs. 106, 343–386 (2001).
 46. Worthman, C. M. & Brown, R. A. Sleep budgets in a globalizing world: biocultural interactions influence sleep sufficiency among 
Egyptian families. Soc. Sci. Med. 79, 31–39 (2013).
Acknowledgements
Funding was provided by a Natural Sciences and Research Council of Canada operating grant to R.E.M. and 
doctoral fellowship to A.N.S., by a Simon Fraser University Psychology Department Research Grant to T.B. and a 
Research Tools and Instrumentation Grant to R.E.M., and by HL148574 to J.S. The first author would personally 
like to thank Dr. Senay Cebioglu and Hilary Aime for their support and encouragement during preparation for 
travel. Invaluable help with data collection and translations was provided by research assistants Johnny Tari, 
Rachel Yawau, Emma, and Iawillum in the field. We would like to thank Dr. Gandhi Yetish for consultation and 
advice regarding data cleaning, and Dr. Elliott Marchant for equipment loan.
Author contributions
A.N.S., R.E.M. and T.B. designed the experiments; J.S., R.E.M. and T.B. provided material support; T.B. 
coordinated data collection and assistance in the field; A.N.S. collected and analyzed the data; A.N.S. and R.E.M. 
wrote the manuscript; all authors reviewed the final manuscript.
competing interests
The authors declare no competing interests.
Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-53635-y.
Correspondence and requests for materials should be addressed to R.E.M.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
